Approximately 170 kilobase pairs (kb) of contiguous DNA sequences derived from bands 3A3,4 of the Drosophila melanogaster X chromosome have been isolated by molecular cloning. Sequences required for the wild-type expression of the zeste locus are located within a 6-kb fragment of this chromosomal region, as shown by phenotypic rescue of zeste mutants in P element-mediated germ-line transformation. Expression of zeste is correlated with a 2.2-kb poly(A)+ RNA species transcribed at all postzygotic stages of Drosophila development. Many zeste alleles, including several producing neomorphic phenotypes, are not associated with detectable rearrangements of DNA.
rearrangements of DNA.
Alleles of the zeste (z) locus of Drosophila melanogaster have been shown to modify the phenotypic expression of at least three unlinked loci (white, bithorax, and decapentaplegic) of apparently unrelated function (1) (2) (3) (4) . For example, the partial phenotypic complementation normally observed in heterozygous combinations of certain alleles of the bithorax complex is abolished in flies carrying the zeste allele za. This phenotypic complementation is also disrupted by the introduction of chromosomal rearrangements that appear to prevent somatic pairing of the bithorax alleles in question. It is remarkable that the white and decapentaplegic loci may also exhibit synapsis-dependent gene expression, termed transvection effects by Lewis (5). Certain genotypes display one level of expression when heterozygosity for chromosomal rearrangements prevents the pairing of the two copies of these loci in somatic tissues, and another level of expression in the absence of these rearrangements.
Intimate involvement ofzeste locus activity in transvection effects is suggested by the interaction between the white and zeste loci. Although specialized exceptions have been noted (6) (7) (8) , the ability of the z' allele to alter the normal red eye color of flies with wild-type alleles of the white locus generally requires that all w+ genes must be somatically paired on homologous chromosomes or in close proximity by virtue of tandem duplication (9) (10) (11) (12) (13) (14) (15) . As zeste is able to discriminate between paired and unpaired states ofwhite, the product of the zeste locus seems likely to act in the nucleus, perhaps as a trans-active transcriptional modifier. This view is strengthened by indications that discrete nucleotide sequencesjust upstream ofthe 5' end ofthe white transcript are required to observe an interaction with z' (6, (15) (16) (17) and by recent evidence showing that the level of stable transcripts produced by paired w+ genes is substantially reduced in the heads of flies homozygous for z' (18) . However, such experiments do not indicate whether the observed effects of zeste locus alleles on white expression are the result of a direct interaction between these loci or an interaction mediated by other, as yet undefined, genetic elements. The mechanisms underlying the effects of somatic chromosome pairing on the modulation of white, bithorax, and decapentaplegic expression similarly remain obscure.
As a first step toward elucidating both the molecular basis of transvection phenomena and the biochemical nature of the putative regulatory role played by the zeste locus, we wished to obtain cloned DNA sequences corresponding to the zeste gene itself. In this paper, we report the isolation and characterization of approximately 170 kilobase pairs (kb) of sequences cloned from the Drosophila genome in the vicinity of the zeste locus. Analysis of DNA from flies carrying zeste mutations and chromosomal rearrangements in this region has allowed the approximate localization of zeste locus information relative to the physical map ofthis "chromosome walk." Germ-line transformation of zeste mutants with cloned wild-type DNA has been utilized to show further that all DNA sequences required for at least some aspects of normal zeste expression reside within a 6.0-kb fragment of this part ofthe Drosophila X chromosome. A 2.2-kb poly(A)+ RNA species is transcribed from within this fragment ofDNA at all postzygotic stages ofDrosophila development. The size of this transcript is altered in certain zeste mutant stocks, consistent with a role in zeste expression.
EXPERIMENTAL PROCEDURES Drosophila Stocks. Dftl)wrJ), Dftl)64c4, Dftl)62gl8, and Dfl)K95 are described in ref. 19 , and were obtained from B. Judd, L. Robbins, M. Green, and M. Young, respectively. The genetic extents of these deficiencies are shown in Fig. 2 . Stocks of these deletions were maintained in males carrying w+Y, a translocation of X chromosome sequences, including the entire zeste-white interval, to the Y chromosome.
Dp(1;Y)y-z was the gift of G. Lefevre and N. Perrimon.
This duplication contains the loci gt and tko but not l(1)zwl.
Males of genotype z' Dp(l;1)w+R/Dp(1;Y)y-z display variegated eye pigmentation with both yellow (zeste) and brightred (wild-type) ommatidia. The duplication is thus assumed to contain the z+ gene, variegation resulting from the proximity of z+ to heterochromatic Y chromosome sequences.
Chromosomes containing zeste alleles z' (1) , za (3), zOP6 (7) , ZOP6rre4 (7), z0P"1 (7) , and zv77h (11) were supplied by M. Green and E. Lifschytz. The z' allele was included on an X chromosome also containing Dp(l;1)w+R, a tandem duplication of approximately 80 kb of DNA containing the proximal part of the white locus (13, 15) . Strains containing In(l)e(bx) (2) and zl)G3 (1, 3) came from T. Wu and W. Gelbart; flies with zeste mutations z3`and z32 (20) were obtained from M.
Z1"2 (21) were the gift of J. Jack.
Nucleic Acid Procedures. Procedures for the purification of DNA from phage, plasmids, or adult Drosophila, the construction of recombinant DNA libraries, the transfer of nucleic acids to GeneScreen filters (New England Nuclear), and the hybridization of labeled probes to filter blots have been described previously (15, 22) or are based upon established techniques (23) . Poly(A)+ RNA was prepared from Drosophila at various stages of development according to ref. 24 . Strand-specific probes were prepared by extension of a "hybridization probe primer" (New England Biolabs) annealed with M13mp18 constructs, using the Klenow fragment of DNA polymerase I, as described by Hu and Messing (25) . In situ hybridization of DNA labeled with biotinylated dUTP to salivary gland polytene chromosomes has been detailed in ref. 26 .
P Factor-Mediated Germ-Line Transformation. The 6.0-kb EcoRI fragment from coordinates 0 to +6 (Figs. 1 and 4) 
RESULTS
Isolation of DNA from the Vicinity of the Zeste Locus. The zeste locus has been shown on the basis of cytogenetic experiments to reside in or near bands 3A3,4 on the Drosophila X chromosome (19) . DNA sequences originating from the vicinity of the zeste locus were initially obtained from two sources. First, others have described the isolation of cloned fragments of Drosophila DNA that exhibit weak homology with sequences near the Drosophila white locus and which hybridize to polytene chromosomes in the distal part of the 3A interval (29) . Two such clones were provided to us by G. Rubin, and they are indicated as phage 3.1 and 3.2 on Fig. 1 . A second entry point into the same region was provided by our fortuitous identification of Drosophila sequences in bands 3A3,4 homologous to a Tetrahymena mRNA species specifically expressed during conjugation of this unicellular organism (unpublished data). A recombinant phage containing Drosophila genomic DNA with the Tetrahymena homology is shown as phage CS1001 on Fig. 1 .
From these two entry points, overlapping clones were retrieved from recombinant libraries constructed with Canton S (wild-type) DNA. Using this "chromosome walking" procedure (32), we isolated approximately 170 kb of contiguous DNA sequences from the distal part of the 3A interval. Fig. 1 (29) , and CG4 indicates a cosmid clone of Canton S DNA in the vector pHC79 (31). to lie within the sequences corresponding to clone CS1014.
These results have been verified and further refined by comparing Southern blots of genomic DNA from wild-type Drosophila and strains carrying the rearrangements (data not shown).
To summarize many such determinations, the physical locations of the breakpoints of several rearrangements in the vicinity of the chromosomal walk are depicted in Figs. 1 and 4. These data are completely consistent with the genetic map. If the assumption is made that the genes are nonoverlapping, the following assignments can be made for the boundaries of sequences encoding the genes in this region of the X chromosome. (i) Sequences constituting a portion of the complementation group l(J)zwl must lie to the right of coordinate +11. As DflI)K95 appears to contain rearrangements in addition to a deletion of DNA sequences (ref. 24 and unpublished data), it is conceivable that l(J)zwl may reside entirely to the left of the Df(1)K95 breakpoint shown in Fig.  1 (13) (14) (15) . As z' is recessive to z+, flies transformed with a wild-type zeste gene would be predicted to display wild-type bright-red eye color.
Three independent transformants showing eye pigmentation indistinguishable from wild type were isolated, correspodding to a frequency similar to the frequencies encountered by other investigators using this technique (26, 33) . In one ofthese transformants, z+ genetic activity is found on the X chromosome, in a position approximately 2 map units distal to the marker forked. DNA sequences homologous to the injected fragment B are found by in situ hybridization at region 17A ofthe X chromosome ofthe transformant, in good agreement with the genetic data. In the two other independently derived transformants, the z+ phenotype segregated with the third chromosome. In situ hybridization shows the presence of sequences related to fragment B at locations 63C,D and 72 on the third chromosomes ofthese transformed strains, respectively. These results indicate that all sequences required for wild-type zeste function in the interaction with white are localized between coordinates 0 and +6 in the chromosome walk.
Characterization of DNA Sequences in Zeste Mutants. Restriction digests of genomic DNA isolated from adult flies carrying various alleles of the zeste locus were examined for alterations that might be causally related to the mutation. The patterns obtained upon BamHI digestion of these genomic DNAs are presented in Fig. 3 ; data from EcoRI and Xho I digestions of these same samples are not shown. Observable rearrangements of DNA in the region between coordinates 0 and +6 defined by the transformation studies above to contain zeste information are observed in four cases. First, the breakpoint ofIn(1)e(bx), which is correlated with a za-like phenotype (2, 3), is found by genomic blotting (Fig. 3) and in situ hybridization (data not shown) to lie within the BamHI restriction fragment between coordinates +0.9 to +4.9. Second, chromosomes containing the allele zv77h contain a deletion of approximately 300 base pairs within this same restriction fragment, as evidenced by the shortening of this 4.0-kb BamHI fragment demonstrated in Fig. 3 . Finally, the alleles z3' and z2, obtained during a "dysgenic" cross between P and M stocks (20) , are apparently respectively associated with a deletion and an insertion of sequences within this same BamHI fragment.
A number of additional zeste alleles were similarly examined for detectable rearrangements of DNA in this region. IG. 3. Characterization of genomic DNA near the zeste locus in zeste mutants. Three micrograms of genomic DNAs from strains homozygous for the indicated zeste alleles was digested with BamHI, fractionated on agarose gels, and transferred to GeneScreenPlus filters. Blots were hybridized with nick-translated CS1014 DNA. Sizes offragments found in wild-type Canton S (CS) DNA are shown to the left; the 4.0-kb band extends from coordinates +0.9 to +4.9, while the 3.5-kb band missing in the za mutant is from -5.4 to -1.9.
One of the two novel bands in the In (1) Genetics: Gunaratne et aL in one or a few riucleotides, which cannot be visualized by genomic blotting.
Analysis of Transcripts. Poly(A)+ RNA from wild-type and zeste mutant flies at various stages of development was prepared and analyzed on blots with probes derived from sequences throughout the chromosome walk. As shown in Fig. 4 , two poly(A)+ transcripts homologous to fragment B (coordinates 0 to +6) are observed in adult wild-type flies: a prominent 2.2-kb RNA and a less abundant 3.9-kb species. The 2.2-kb RNA is absent in Drosophila adults homozygous or hemizygous for the mutations In(1)e(bx) and zv77h, and it is apparently supplanted by RNAs 1.4 and 1.9 kb in length, respectively. It will be noted that the -300-base shorteing of the 2.2-kb RNA in the zv77h mutant is consistent with the 300-base-pair deletion observed in this region of genomic DNA from.zvflh flies. This 2.2-kb transcript is not appreciably altered in either size or amount relative to wild-type strains in flies containing the zeste alleles Za, Z', and zOP6. The larger, 3.9-kb, RNA hybridizes in addition to fragments A and C (Fig. 4) , which are external to the 0 to +6 fragment B shown to be sufficient for the z+ phenotype. Though participation of the 3.9-kb RNA in zeste function is not rigorously excluded by these findings, the simplest interpretation is that synthesis of this RNA is not required for wild-type zeste expression.
The 2.2-kb RNA is therefore the only detectable species of poly(A)+ RNA seen in adult Drosophila with characteristics expected for a zeste mRNA. This RNA appears to be transcribed completely within fragment B, and its electrophoretic mobility is affected by at least two chromosomal rearrangements associated with mutant zeste phenotypes. It nonetheless remained possible that other transcripts produced at earlier stages of Drosophila development might be responsible for zeste expression. To examine such a possi- Fragment B (Fig. 4) was subcloned in the M13 vector mpl8 in both orientations. Strand-specific probes were prepared from both constructs and hybridized to filter blots of fractionated poly ( bility, the nature of the RNAs homologous to this region has been examined as a function ofthe developmental stage ofthe organism. The 2.2-and 3.9-kb RNAs appear to accumulate in relatively constant amounts in embryos, the three larval stages, pupae, and adults (Fig. 5 ). However, a novel RNA species 4.1 kb in length appears in the third-instar and pupal stages of wild-type Drosophila. This transcript also hybridizes to probes on either side of fragment B, and it is approximately coextensive with the 3.9-kb RNA (data not shown). Thus, this RNA is also apparently dispensable to the wild-type interaction between zeste and white. Fragment A in Fig. 4 illuminates an additional 0.9-kb poly(A)+ RNA species. As the sequences homologous to this transcript are interrupted by Dftl)w!Jl but not by Dftl)64c4, this 0.9-kb RNA is the likely transcriptional product ofthe tko locus. The levels ofthis transcript also remain approximately constant in all postzygotic stages ofDrosophila development (unpublished data).
To determine the direction of transcription of the RNA species derived from the zeste locus region, probes corresponding to only one strand of restriction figments A and B were prepared by cloning these fragments in the bacteriophage M13-derived vector mpl8 (34) in both orientations. These probes were then hybridized to filters containing poly(A)+ RNA from adults and pupae. An example of such an analysis is presented in Fig. 5 . The 2.2-kb RNA correlated with zeste expression is transcribed from the distal to the proximal direction, while the 3.9-kb RNA, the 4.1-kb RNA found only in late larval and pupal stages, and the 0.9-kb putative tko transcript are all transcribed with the opposite polarity.
DISCUSSION
The region of the Drosophila X chromosome spanned by the deletion Dftl)wrl1 has been the focus of extensive cytogenetic analysis (19) . Sequences necessary for the expression of the vital genes gt, tko, and possibly l(1)zwl are contained in the 170 kb of DNA depicted in Figure 1, (3, 4, 21) , it is quite likely that the molecular defects associated with most known zeste mutations are found in the 6-kb fragment that complements z'.
The pleiotropic effects of the zeste locus and the disparate properties of several zeste alleles have led to the suggestion that more than one gene in this region of the X chromosome may be involved in the elaboration of zeste phenotypes (7) . This hypothesis appears unlikely on the basis of the data presented here. (32, 36) . In particular, the original z' allele was spontaneous in origin, yet mutations with similar properties have never been induced by mutagenesis with ethyl methanesulfonate (9) . Furthermore, the mutation z016 has been reported to be quite unstable (7) . These properties of the neomorphic z' and z0"6 alleles would be expected of mutations caused by the insertion of mobile elements, yet none have been detected near the zeste locus in these strains. In addition, no obvious changes have been noted in the transcriptional patterns found in z', z01', and za flies. It is thus clear that an understanding of the lesions responsible for many zeste alleles must await a more detailed examination of nucleotide sequences and transcriptional patterns in zeste mutants.
